Over the past two decades, molecular technologies have been developing rapidly for clinical applications. Recently these tools have begun making significant impacts on environmental monitoring programs. The ability to replicate specific genes using PCR is the most powerful tool to date and has already improved the capability of environmental analysis in order to address emerging societal needs. These tools can be applied for microbial source tracking, analysis of emerging pathogens, disaster responses, and prevention of infectious disease within an integrated risk assessment framework that will enhance decision making within the current limited economic constraints.
Introduction
Attributable to the revolution in genomics, molecular technologies for microbiology have been developing over the past two decades. These have gained acceptance and standardization in the clinical field because rapid and accurate diagnosis are very important for treatment decisions and outcome. Currently in water quality monitoring more accurate, specific tools and techniques are needed to address sources of pollution, health risks and priority management decisions that need to be made to replace infrastructure, add new treatment and respond to disasters. Molecular tools will provide the necessary information needed to enhance our environmental monitoring programs. However, these tools and the information provided by these techniques should be used within a framework that integrates the traditional and new approaches with quantitative microbial risk assessment.
Integrated quantitative risk assessment
In order to prevent waterborne diseases, it is essential to understand the nature of pathogens, their sources, transport/survival and our potential to be exposed through water. In order to estimate the risk for infection, quantitative microbial risk assessment (QMRA) (Haas et al., 1999) , traditionally included four steps (see bullets below for further details):
(1) hazard identification, exposure assessment, (2) dose -response, (3) exposure assessment, and (4) risk characterization. However, the process did not clearly integrate with approaches we currently use in water quality.
Dose -response assessment
Models for dose-response have been developed in laboratory studies with human volunteers or animals. These data are used to characterize the relationship between dose of a pathogen ingested/or inhaled and the incidence of a health adverse effect. Two different dose -response models, i.e. exponential and beta-Poisson, are useful for the QMRA. The dose -response relationship for viruses and protozoans most commonly fits the exponential model and for enteric bacteria, e.g. Salmonella, Shigella, Vibrio, Campylobacter, and E. coli, fits the beta-Poisson model (Haas et al., 1999) .
where P i is a probability of infection (ability of the organism to establish and reproduce in the intestine), D is an exposure dose expressed as numbers of the pathogen ingested, and a, b, r are constants for specific organism that define the dose-response in an Exponential or Beta Poisson model. Parameters for major waterborne pathogens are summarized in Haas et al., 1999 .
Exposure assessment
This is the process of determining the concentrations and duration of pathogen exposure as well as the size and nature of the population that has been exposed. In water this means considering the original load of the pathogens at the sources and reduction by engineering efforts, e.g. treatment plant, and or natural attenuation over the time.
Risk characterization and management
Based on information obtained from the exposure assessment for a specific pathogen and use of the specific dose -response equations, the quantitative risk can be estimated. Often probabilities are developed based on distributions around the occurrence of the hazard, the concentrations and the dose -response. Monte-Carlo simulations for analyzing uncertainty propagation will be performed using computer software, e.g. Matlab, R, and Crystal ball, help to determine how random variation, lack of information, or error affect the sensitivities or reliability of the analysis. In order to integrate our monitoring programs using both traditional and innovative methods into a risk framework ( Figure 1 ) we propose the following: Hazard Identification would begin with traditional indicators and move to microbial source tracking as well as actual pathogen monitoring using molecular and quantitative techniques. This would be strategic monitoring plans in time and place. Exposure assessment would use sanitary engineering data, land use, transport and survival studies associated with temperature, precipitation data, flows and run off to estimate exposure.
Treatment technology would also have to be addressed within exposure assessment. Removal of indicator microbes and pathogens (viruses, bacteria, and protozoans) at wastewater and drinking water treatment systems are not correlated with indicators. Cryptosporidium, a parasite for example, is completely recalcitrant to chlorine disinfection, while adenoviruses are very resistant to UV disinfection. Some pathogens, e.g. Cryptosporidium survive longer than others and some survive longer in the freshwater, e.g. Salmonella, while other survive longer in seawater, e.g. Vibrio. If the source of contamination and location of exposure are apart, fate and transportation of the target pathogens has to be evaluated hierologically. The size of pathogens affects the flow, sorption on to the soil, and sedimentation. For example, viruses are more mobile than protozoa in groundwater.
Land use and climate conditions affect the volume of runoff from agricultural or urban areas and overflow from sewer systems. Some of the most important sources of pathogens include conventional wastewater treatment plants, combined sewer overflows (CSOs), sanitary sewer overflows (SSOs), and animal waste sees as nonpoint source runoff. More than half of reported waterborne disease outbreaks in the US since 1948 have followed storm events (Curriero et al., 2001) and EPA estimates that CSOs and SSOs are responsible for a large percentage of recreational waterborne disease. Multiple routes of exposure are of interest including ingestion, inhalation, and dermal contact, matrixes, e.g. drinking water, recreational water, beach sand, and contaminated food. Finally the demographics of the population exposed must be considered including age, e.g. child and adult. Useful parameters for these human exposures can be obtained from exposure handbook (US EPA, 1997).
Molecular tools Polymerase chain reaction (PCR)
PCR is the most popular molecular technique to date. Any new pathogen can be detected now with PCR once part of its genetic code is identified. PCR is an enzyme-driven method for amplifying short regions of DNA in vitro. PCR uses designed oligonucleotide primers based on known sequences of the target DNA a priori to hybridise specially to the target sequences. The target DNA is copied by a thermostable DNA polymerase enzyme, in the presence of nucleotides and primers. Via numerous cycles of heating and cooling in a thermocycler to construct rounds of target DNA denaturation, primer hybridisation, and primer extension, the target DNA can be amplified exponentially (Mullis and Faloona, 1987; Mullis, 1990; Eisenstein, 1990; White et al., 1992; Persing, 1993; Yang and Rothman, 2004) . PCR detects live and dead particles, can detect microorganisms that we do not know how to cultivate, is highly specific and obtains results generally in 24 to 48 hours. Virus monitoring of water for example has always been more difficult. Virus analysis based on the cytopathogenic effect (CPE) cell culture may take from three to more than 14 days (Reynolds et al., 1996) , PCR methods provide the results within 24 hours and can address most of the viruses that we can not cultivate.
Quantitative real-time PCR (qPCR)
Probably the most recent advancement in molecular tools is qPCR, in which amplification and detection of amplified products are combined in a single reaction vessel (Yang and Rothman, 2004) . qPCR requires the use of fluorescent DNA intercalating dyes, which bind non-speficially to double-stranded DNA generated during amplification, or fluorescent-labelled internal DNA probes, which specifically anneals within the target amplification regions (Higuchi et al., 1992; Yang and Rothman, 2004) . For quantification, the amount of starting templates in a sample is compared with the exact cycles number at which amplified produce accumulate notably greater than baseline with a prepared quantitative standard curve (Yang and Rothman, 2004) . Overall advantages of qPCR compared with conventional PCR include not only quantitative capability but also speed, simplicity and reproducibility (Yang and Rothman, 2004) . qPCR detects both infection and noninfectious pathogens. A study showed that adenoviruses concentrations in environmental samples based on qPCR were higher than cultural method and this difference was assumed to be because of the presence of non-infections target and low sensitivities of culture methods to serotypes present in the environmental samples (He and Jiang, 2005) .
Integrated cell culture PCR (ICC-PCR)
Improvement of sensitivity and ability to distinguish infectivity among many non infectious pathogens are extremely important to evaluate actual public health risk in water and other environments after disinfection or decontamination. ICC-PCR, which consists of pre-step involving a cell culture method and followed by PCR, is capable of isolating low levels of infectious pathogens in a short time (Reynolds et al., 1996) . A study showed that the concentration-contact time (CT) for chlorine disinfection of poliovirus based on ICC-PCR was up to five times larger than the CT based on a currently standard method using cell culture (Blackmer et al., 2000) .
Nucleic acid based sequence amplification (NASBA)
NASBA is an isothermal method, which is capable of amplification of the target RNA in a DNA background (Compton, 1991) . A real time analysis tool, which combines NASBA and molecular beacon probes, can provide the results more rapidly than qPCR (Patterson et al., 2005) . NASBA is ideal application for remote monitoring because of its isothermal nature, unlike PCR amplification takes place all at one temperature (Leon et al., 1998) . NASBA may produce larger variability between replicates samples compared with PCRbased assays due to the requirement of three separate enzymes (Patterson et al., 2005) . In order to solve this problem Patterson et al., 2005 suggested the use of a simplified method of calculating unknown concentration of target RNA using an internally calibrated NASBA assay (IC-NASBA). This method has yet to see wide spread application due to the difficulties in primer development, but has potential.
Microarrays and other hybridization methods
Microarrays have been utilized for developing for genetic characterization as well as gene expression profiles in which 1000s of target DNA or RNA sequences can be evaluated in one assay. Microarray works by utilizing the capability of a specified nucleic acid molecule to hybridize to, the target DNA template from which it originated. The technology has been used now for screening clinical specimens against a large array of pathogens for detection and discovery (Zhou, 2003; Bodrossy and Sessitsch, 2004) .
The greatest advantage of microarrays compared to PCR technology is the capability of detecting large numbers of pathogens and no requirement of additional post amplification analysis to discriminate the product (Maynard et al., 2005) . The use of microarrays for environmental samples is still challenging due to the low concentrations of pathogens against a high background of indigenous organisms and their DNA.. However, applying this tool for the detection of waterborne pathogens would appreciably advance public health (Straub and Chadler, 2003; Maynard et al., 2005) and potentially be useful for the evaluation of emerging new infections, surveillance, and early detection of biothreat agents. Currently, the screening of over 30 different virus families is being undertaken with a cell culture-microarray approach for pathogen discovery in sewage (Wong et al., 2007) .
Applications of molecular tools Pathogen monitoring in water
In the US, new microbial contaminants in water have been identified as a risk for waterborne disease. Known as the Contaminant Candidate List, these microorganisms will be addressed based on health impacts and occurrence in water. Thus a quasi risk approach is being used to examine priorities for development of regulations. Interestingly these CCL organisms are being address only for drinking water and are not being address for sewage or recreational water despite that the major source of these pathogens is wastes from humans and/or animals. Molecular tools are providing insight into characterization and detection of both new pathogens (CCL e.g. Helicobacter) and our classical pathogens (e.g. Cryptosporidium).
Helicobacter pylori. Approximately 25 million Americans suffer from peptic ulcer disease at some point in their lifetime. There are 500,000 to 850,000 new cases of peptic ulcer disease and more than one million ulcer-related hospitalizations each year (CDC, 2006) . H. pylori causes more than 90% of duodenal ulcers and up to 80% of gastric ulcers (CDC, 2006) . Typically most persons who are infected with H. pylori never suffer any symptoms related to the infection; however, H. pylori causes chronic active, chronic persistent, and atrophic gastritis in adults and children. Infected individuals have a 2-to 6-fold increased risk of developing gastric cancer and mucosal-associated-lymphoid-type (MALT) lymphoma compared with non-infected persons (CDC, 2006) . Before 1982, when this bacterium was discovered, spicy food, acid, stress, and lifestyle were considered the main causes of ulcers (CDC, 2006) . The primary route of transmission of the H. pylori is as yet unresolved but contaminated water has been suggested as a one of the possible sources. Nayak and Rose studied H pylori survival capacity in artificially contaminated groundwater at different temperatures was investigated using conventional culture method, MPN PCR, and qPCR. H pylori was found to remain cultivatable for 120 h at 4 8C as opposed to only 24 h at 15 8C. Real Time PCR demonstrates significantly 100-fold greater sensitivity for detection of H pylori in comparison to traditional PCR. The presence of physically intact bacterial cells was confirmed by an immunofluorescence assay using monoclonal anti-H pylori antibodies. SEM observation had shown that normal spiral form changes to coccoid form after 24 hr and 72 hr at 15 8C and 4 8C respectively. qPCR assay provided a specific, sensitive and rapid method for quantitative detection of H. pylori in sewage. It is hoped molecular methods could reveal the presence of such viable but non-cultureable (VBNC) forms of H pylori. H. pylori have been found at varying concentrations in sewage and this may be a possible source of water contamination (Nayak and Rose, 2007) .
Cryptosporidium. Oocysts of Cryptosporidium are environmentally robust (oo)cysts are very persistent in water (Rendtorff, 1954; DeReignier et al., 1989; Campbell et al., 1992; Chauret et al., 1995) and extremely resistant to the disinfectants commonly used in drinking water treatment (Hibler et al., 1987; Korich et al., 1990; Finch et al., 1993a Finch et al., , 1993b . Thus, they are among the most critical pathogens in the production of drinking water from surface water. Studies showed that up to 87% of untreated raw water and 24% of finished drinking water contained Cryptosporidium oocysts (LeChevallier et al., 1991) . Symptoms may include watery diarrhea, abdominal cramps, vomiting, and fever. For those who have weakened immune systems, e.g. HIV patients, cryptosporidiosis can become chronic and can be fatal.
While cattle were originally blamed as the source of contamination in the 1993 outbreak in Milwaukee, Wisconsin (more than 400,000 people became ill). It was later determined with molecular tools that human sewage was at least one of the sources. Although approximately 88% of this group did not go hospital, 11% went to see doctors, and 1% was hospitalized (MacKenzie et al., 1994) , the total cost of outbreak-associated illness was estimated to be $96.2 million: $31.7 million in medical costs and $64.6 million in productivity losses. In further studies in rural areas infectious Cryptosporidium of the bovine type has been detected in high concentrations using molecular tools and, a combination of immunomagnetic separation (IMS), immunofluorescent assay, followed by cell culture method. This is influencing the way that manure is being handled on farms in Michigan.
Microbial source tracking (MST)
Identification of the sources of fecal contamination is very important for protection of public health and management of water quality. Possible sources of fecal contamination which could contribute to waterborne pathogens include conventional municipal wastewater treatment plants, combined sewer overflows (CSOs), sanitary sewer overflows (SSOs), septic tanks, urban runoff, and agriculture. MST tools can be used for identification of sources, in particular human wastes have been highlighted as high risk because of the multitude of pathogens (over 100) that could be present in sewage. Since multiple pathogen analysis is more complex, knowing the source can begin to narrow the search for HAZ ID.
Many different types of MST methods, e.g. genotypic or phenotypic library and then library dependent or independent, have been proposed to differentiate microorganism groups on basis of the host animal or environmental from which they were originated. Yet host-specific markers are gaining ground as a more acceptable approach. Walters et al., 2007 showed that Bacteroidales host-specific PCR offers a rapid method of diagnosing fecal contamination in water and identifying the sources of input. There was a significant increase in the likelihood of detecting Salmonella when a ruminant marker was present, and Campylobacter spp. when human markers were present. Since E. coli O157: H7 that are strongly associated with particular hosts, Bacteroidales host-specific markers can estimate the likelihood of pathogen occurrence (Walters et al., 2007) . Scott et al., 2006 developed a human sewage marker and showed that the enterococcal surface protein (esp) in Enterococcus faecium was detected in 97% of domestic sewage samples, e.g. effluent from municipal waste treatment plants and septic tanks, while not detected in livestock waste lagoons, birds, and animal fecal samples. Since enterococci is one of US EPA's recommended indicator microbes, the use of PCR primer specific for the esp gene in Enterococcus faecium as an index of human fecal contamination is useful MST.
Disaster responses
There is no doubt that disasters require a rapid and immediate response in order to protect public health, but the long term restoration efforts, identification of areas of high risk after the immediate threat has abated is needed in order to communicate the problems to the community and to prioritize efforts.
Tsunami. On 26 December 2004, an earthquake off the western coast of northern Sumatra, measuring 9.0 on the Richter scale, triggered a powerful wave that swept through the Indian Ocean, wrecking coastal areas in India, Indonesia, Malaysia, The Maldives, Myanmar, the Seychelles, Somalia, Sri Lanka, Tanzania and Thailand. The tsunami had an overwhelming human and physical impact. An estimated 183,170 persons were killed and a further 43,320 are still missing (WHO, 2007) . Outbreaks of waterborne diseases threaded populations living in tsunami affected areas. Activities for prevention, preparedness and control for epidemic diarrhoeal diseases including cholera and typhoid fever have been initiated immediately after the tsunami occurred by WHO (2005) .
Reservoirs and wells were affected as well as natural water bodies, that were mixed with wastes from septic tanks and sewage storage facilities and drainfields. The enterococci and coliform testing provided information on enhancing disinfection practices and the continued need to supply bottled water as recovery was underway (Rose, 2005) .
Hurricanes. On August 29, 2005, Hurricane Katrina hit the US Gulf Coast resulting in extensive flooding in the City of New Orleans, Louisiana because of storm surge from Lake Pontchartrain and many levee failures. One month later of September 24, Hurricane Rita caused additional flooding and levee failures. Up to 80% of New Orleans areas were flooded. More than 1,800 people were killed. The water quality around New Orleans areas had been evaluated based on various indicator microbes, e.g. E. coli, enterococci, and C. perfringens, by several investigators, and indicated widespread sewage contamination (Stoeckel et al., 2005; US EPA, 2006; Presley et al., 2006; Hou et al., 2006) .
In addition to these indicator microbes, one study tested water and sediments for MSTs, i.e. FRNA coliphage and Bacteroidetes and pathogens, i.e. Vibrio (V. vulnificus, V. parahaemolytics, V. cholera), Leginella (L. pneumophila), Cryptosporidium and Giardia (Sinigalliano et al., 2007) . The methods included conventional methods, e.g. membrane filtration and chromogenic substrate, and molecular tools, e.g. qPCR. Alagal blooms were also analyzed based on assemblage analysis (Sinigalliano et al., 2007) . No evidence of a long-term algal bloom was observed. The floodwater in New Orleans contained high levels of fecal indicators and pathogens. The results of elevated levels of fecal indicators along with MST suggested that the sediments at canal banks and residential areas were contaminated with feces originated from humans (Sinigalliano et al., 2007) . Elevated levels of Vibrio spp in the waters would have increased the risk of infectious and thus contributed the reported cases of Vibrio (24 cases of Vibrio vulnificus and V. parahaemolyticus wounded infection with six deaths, CDC, 2005) . CDC also reported that there were 30 cases of Staphylococcus aureus (MRSA) infections and one outbreak of norovirus with approximately 1,000 cases of diarrhea and vomiting in evacuees and rescue workers (CDC, 2005) .
Another noteworthy challenge of Sinigalliano et al., 2007 included that the use of a handmade mobile laboratory based on a recreational vehicle for some sampling and sample processing efforts. Molecular tools need smaller space compared with conventional methods. In the case of disaster, facilities for microbial analysis will probably not be available at the affected sites, thus the need for immediate evaluation of water quality for public health could be met with the introduction of a mobile laboratory.
Conclusion
Molecular tools for environmental microbial assays are still under development but have promising capabilities for the next generation. Although current water quality standards and guidelines are based on indicator microbes along with a few pathogens for drinking water there is little effort to apply these new techniques for better assessment of ambient, source, ground and recreational waters. In order to move beyond the use of conventional methods, it will be necessary for scientists in academia, industry, and governmental agencies to collaborate and to mobilize the efforts to improve the application of these tools within risk and regulatory frameworks. This will advance our protection of public health as we face the microbial challenges of the 21 st century.
